Introduction
Breast cancer is the most common malignancy for women in the world. 1 Despite advances in treatments, more than 520,000 people die of this disease annually worldwide. 1 Most breast cancers are diagnosed at a late or advanced stage, resulting in high mortality. Early detection and diagnosis, combined with effective treatments, are essential for improving the survival rate of breast cancer patients. A desirable cancer screening test should be noninvasive, highly sensitive, highly specific, and rapid. However, there are many drawbacks in current breast cancer screening methods. For instance, ultrasonography for detecting architectural distortion of breast lesions is a noninvasive and inexpensive technique, but its spatial resolution is not high enough for the detection of early cancers. 2 Although the magnetic resonance imaging technique can provide a good comparison of the distinctive soft tissues of people, it requires more time for the examination and it also gives rise to hyperpyrexia or leads to an adverse impact on the kidneys.
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Feng et al and false-negative consequences, reaching up to 75% and 34%, respectively. [6] [7] [8] In addition, mammography is not a definite diagnostic technique, as it cannot distinguish benign from malignant breast lesions. 9 In brief, the current methods are inaccurate, time consuming, invasive, and impractical for identifying early neoplasia or subtle lesions. Thus, there is an urgency to develop a more sensitive, rapid, and convenient clinical method for differentiating benign from malignant breast tumors.
If a reliable analytical method can be developed, then the saliva test can be a preferred screening test for cancer detection. As an important diagnostic body fluid, saliva contains many kinds of proteins that may be associated with disease transformation and can be very useful for human disease diagnosis. 10 In addition, saliva also contains nucleic acids that might be used as tumor biomarkers for diagnosis. 11 Compared with other human biological samples, saliva has a number of advantages, such as the fact that it is a noninvasive collection method, and it is easy to store and ship. Saliva samples can be obtained conveniently, nondestructively, and even repeatedly with limited training using simple equipment during the monitoring procedures for high-risk patients.
Based on molecular vibration, Raman spectroscopy (RS) has been regarded as a promising optical technique for the comprehensive investigation of cancer diagnosis over the last 2 decades. 12 RS can be used to detect structural and biochemical changes in proteins and nucleic acids, accompanied with important diseased transformation. 13 However, there are very few reports using regular RS to study human saliva samples for cancer detection due to its inherently small scattering cross-section and the strong background fluorescence interference. These limitations of regular Raman most likely make the technique not sensitive enough for detecting the subtle biochemical changes in human saliva samples for medical diagnosis.
Surface-enhanced RS (SERS) can overcome the major drawbacks of regular RS and has been developed to dramatically enhance the Raman signal for up to 10 13 -10 15 times and to inhibit the autofluorescence background interference at the same time by utilizing the interaction between the target molecules and the metal nanoparticle (NP) surface. 13, 14 Recent reports showed that SERS has been extensively applied to a great deal of analytical systems in the research of biological molecules, from DNA, 15 RNA, 16 to whole proteins. 17, 18 SERS is especially attractive for application in cancer diagnosis and evaluation utilizing human biological samples such as blood, 19 tissues, 20 cells, 21 and serum. 22 As a potential diagnostic media for disease detection, saliva offers main advantages over blood due to the easy and noninvasive sample collection, which eliminates any feelings of pain and discomfort during the process of blood collection. In addition, human saliva contains a rich variety of proteins that may carry several significant biological functions, rendering saliva protein an attractive source of disease biomarkers.
The composition or content of proteins in human saliva may be closely related to metabolic abnormalities when disease afflicts the body, which makes it possible to detect many diseases via the SERS spectral features of saliva. However, due to interferences of other native saliva constituents and exogenous substances, a poor signal-to-noise ratio of the SERS spectra appeared in some reports about oral 23 and lung cancer 24 detection. Therefore, it is advantageous to perform protein purification of saliva samples prior to SERS spectral analysis in biomedical diagnosis.
The primary aim of this study was to assess the feasibility of a SERS technology combined with membrane protein purification for the biomolecular analysis of saliva for the differentiation of benign and malignant breast tumors. Partial least squares (PLS)-discriminant analysis (PLS-DA) was employed to analyze and distinguish between the saliva protein SERS spectra of healthy subjects, patients with benign breast tumor, and patients with malignant breast tumor. To our knowledge, this is the first report on saliva protein-based SERS for breast cancer detection.
Materials and methods subjects and protocol
In this study, a total of 64 saliva samples (33 benign and 31 malignant samples) were obtained from 64 patients with confirmed clinical and histopathological diagnosis of breast lesions. Table 1 shows more detailed clinical information on these subjects. In addition, there are 33 saliva samples acquired from 33 healthy volunteers as the control group. All patients and healthy volunteers were from the Fujian Tumor Hospital (Fuzhou, People's Republic of China), and 
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raman spectroscopy of saliva proteins they had similar ethnic and socioeconomic backgrounds. All of the study subjects provided written consent to participate in the study. Ethics permission for the study was obtained from the Fujian Provincial Tumor Hospital.
Preparation of silver (ag) colloids and human saliva samples Ag colloids were prepared using hydroxylamine hydrochloride and Ag nitrate, in accordance with the method reported by Leopold and Lendl. 25 In short, a total of 9 mL of 0.1 M sodium hydroxide solution was mixed with 10 mL of 0.06 M hydroxylamine hydrochloride solution to adjust the pH value of hydroxylamine hydrochloride solution. Then, the mixture was quickly added to 180 mL of 0.0011 M Ag nitrate solution, and the resulting mixture was shaken to obtain a homogeneous milky gray mixture. Absorption spectroscopy was utilized to characterize the prepared Ag colloids. The measurement demonstrated an absorption maximum at 418 nm. The particle sizes were determined by transmission electron microscopy, as described in our previous paper. 13 The particle sizes followed a normal distribution with a mean diameter of 35 nm and a standard deviation of 5 nm. Finally, the Ag colloids were concentrated by centrifugation at 10,000 rpm for 10 minutes to get high-concentration Ag NPs as the SERS substrate.
To obtain consistent and pure saliva samples, the same procedures were followed for all sample collection procedures. To begin, after 12 hours of overnight fasting, 1.5 mL of saliva was collected from the volunteers, between 6.30-8.30 am, after the participant rinsed his or her mouth three times in order to prevent the interference of food. Then, the saliva was collected into a 2 mL centrifuge tube and was centrifuged at 10,000 rpm for 10 minutes to remove oral impurities, including epithelial cells and any residual food debris. The refrigerated centrifuge was set at a constant temperature of 4°C. Finally, the saliva samples were frozen in liquid nitrogen immediately after centrifugation to reduce degradation.
Saliva membrane protein purification and mixing with ag nanoparticles Figure 1A shows the schematic representation of the procedures used to obtain the mixture of purified saliva proteins 
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Feng et al and Ag NPs. Firstly, 10 µL of a pure saliva sample was blotted onto a cellulose acetate (CA) membrane by a sample applicator, three times. After the saliva sample was completely absorbed in about 15 minutes, the membrane was washed for 6 minutes in 500 mL of a special solution made up of 225 mL of 95% ethanol, 25 mL of glacial acetic acid, and 250 mL of distilled water. This will get rid of any other component contained in the saliva sample other than proteins.
The membrane was then transferred onto a filter paper to dry for about 30 minutes. After that, the CA membrane, which contained only saliva proteins, was cut into pieces and collected in a centrifuge tube. Then, 150 µL of acetic acid was added into the tube to dissolve the membrane fragments into a homogeneous transparent gel. Afterwards, 200 µL of a Ag colloids solution, as prepared earlier, was added into the tube. The mixture was agitated until a flocculent precipitate (dissolved CA membrane) appeared. Then, the tubes were placed into 37°C warm water for 30 minutes. Finally, the liquid supernatant (protein-Ag NP mixture) was dripped onto the aluminum plate for SERS measurement.
sers measurements
All SERS measurements of the saliva protein were performed on a confocal Raman microspectrometer (Renishaw plc, Gloucestershire, UK) equipped with a Peltier cooled chargecoupled device camera for spectral detection and a 785 nm diode laser for Raman excitation. A Leica 50× objective was used to collect the SERS signals from the sample illuminated by 5 mW of incident laser power. Each SERS spectrum was acquired using a 10-second exposure time and with a spectral resolution of 2 cm -1 in the wave number range of 500-1,780 cm -1
. Three spectra were measured from different locations for each saliva protein sample to obtain a mean spectrum. The software package WIRE 2.0 (Renishaw plc) was used for spectral acquisition and analysis.
statistical analysis
Principal component analysis (PCA) was widely applied for simplifying complex datasets. PCA extracts a set of orthogonal principal components in a multidimensional dataset that best accounts for the differences in the observations for RSbased diagnostics. 13, 19, 26 PLS-DA is based on the regression extension of PCA, and was advantageously employed to multiclass classification problems by providing group affinity with the class membership of zeros and ones to maximize the variations between groups. PLS-DA follows the fundamental principle of PCA and further rotates the components (latent variables [LVs] ) to achieve the maximum group severance via spectral variation and group affinity. The diagnostically relevant variations can be presented by the LVs, rather than by the significant differences in the dataset. 27, 28 In this work, to test the capability of saliva protein SERS spectra for differentiating between normal breast tissue, benign breast tumor, and malignant breast tumor, we performed PLS-DA to classify the measured saliva protein SERS spectra with the leave-one-patient-out cross-validation method. In the first step, a modified multipolynomial fitting algorithm was used to deduct the fluorescence background of the initial SERS data. Next, the area normalization method was employed to normalize each spectrum, and after that, the data were fed into the PLS toolbox in the Matlab programming environment for PLS-DA analysis. The two linear discriminant functions with the group centroids were generated to further analyze and classify the saliva protein SERS spectra into three categories: normal; benign breast tumor; and malignant breast tumor.
Results
To assess the enhancement effects on the human saliva protein Raman signal, the regular Raman spectrum and SERS spectrum of saliva protein were obtained from the same protein sample. The SERS spectrum of saliva protein-Ag NP mixtures, the regular Raman spectrum of saliva protein without Ag solution, and the blank spectra of Ag NPs were shown in the last panel of the schematic diagram ( Figure 1B ). They were measured under the same experimental conditions. Comparison of the SERS spectrum and regular Raman spectrum indicated that the intensity of many predominant vibration bands have been increased remarkably by the SERS-active NPs. In contrast, only a few weak Raman peaks could be observed in the native saliva protein without the Ag colloids due to the fluorescence background overlaying Raman signals. The fluorescence background can be restrained evidently in the SERS spectra, and the remarkable Raman bands can be observed clearly. From the blank spectra of NPs, we can observe only one weak Raman peak at 1,052 cm -1 , which ensures that the peaks in the SERS spectrum of saliva proteins were not a result of added Ag NPs.
After eliminating the fluorescence background from the initial saliva protein SERS spectra, all the full protein SERS spectra were normalized to the integrated area under the curve ranging from 500 cm -1 to 1,780 cm -1 for a better comparison of SERS spectral shape in the analysis. Figure 2A Figure 2B shows the corresponding difference spectra of the different types of saliva proteins, revealing the significant SERS spectral changes, such as SERS peak intensities, positions, and spectral shoulder bands, specifically in the spectral ranges of 600-650 cm -1 , 750-950 cm -1 , 1,000-1,060 cm -1 , 1,100-1,350 cm -1 , and 1,440-1,700 cm -1 which primarily could be related to certain protein vibration bonds.
Comparisons of the SERS intensities and SDs of the six prominent SERS peaks (1,004 cm . In addition, the unusual SERS intensities associated with the different degrees of diagnostic utility were used for discriminating between the three saliva protein groups (normal, benign breast tumor, and malignant breast tumor) via Student's t-test. In particular, the malignant breast tumor samples represent greater intensities of SERS peaks at 1,265 cm -1 and 1,684 cm , and 1,340 cm -1 when compared with benign breast tumor saliva proteins ( Figures 2B and 3) . The comparisons between the normal and malignant groups in Figures 3A and D , and the comparisons between the benign and malignant groups in Figures 3B, C , E, and F, have also been done; however, there was no significant difference for those comparisons. The exact P-value is shown in Table S1 in the supplementary materials. These results suggest that there is a remarkable increase and/or decrease in the percentage of biochemical substances involved in the total SERS-active constituents among the three saliva protein groups, indicating the diagnostic potential of SERS for saliva protein identification of the breast tumor.
To assess the diagnostic accuracy of saliva protein SERS spectra, SERS spectral differences of the three different types of proteins were further explored in detail by the PLS-DA multivariate algorithm. Saliva protein SERS spectral datasets of the normal, benign, and malignant breast tumor patients were mean centered to exclude the common variances. 29 The PLS diagnostic model coupled with the leave-one-patient-out cross-validation method was subsequently utilized as a diagnostic algorithm. The first seven factor LVs were found to be the optimal number of reserved components, as defined by the part minimum of the root mean square error of the cross-validation, as shown in Figure  S1 , accounting for 91.5% of the whole SERS spectral variances. Linear discriminate analysis was further utilized to generate a diagnostic algorithm using the first seven significant LVs. Figure 4 shows the scatter plot of the coefficient of each sample according to the two linear discriminant functions with the group centroids for normal, benign, and malignant breast tumor samples, respectively. We can see that they were distributed in three relatively separate areas in spite of some overlap between each other, which indicates that the saliva protein SERS spectra of the three different types of saliva samples could be discriminated and classified for breast tumor detection. The ultimate diagnostic classification of each SERS spectrum is determined by PLS-DA with (Table  2) . To further evaluate the performance of the saliva protein SERS PLS-DA algorithm for differentiating between the three saliva groups, the receiver operating characteristic (ROC) curves were generated and are shown in Figure  5 . The integration areas under the ROC curve are 0.852, 0.972, and 0.975 for malignant breast tumors versus benign breast tumors, benign breast lesions versus normal tissue, and malignant breast tumor versus normal classification, respectively. These results further demonstrate that the PLS-DA-based saliva protein SERS spectral classification method is powerful for the differentiation of different breast tumor types.
Discussion
The current screening examination for diagnosing breast cancer mainly relies upon X-ray mammography. However, benign and early malignant indications are often similar, and they are difficult to differentiate by X-ray mammography. Application of the SERS method has been explored for the detection of biochemical changes related to diseases, such as nasopharyngeal cancer 13 and cervical cancer. 26 In this study, SERS technology, which is capable of offering abundant biochemical information about saliva proteins, was employed as a potential diagnostic tool for the discrimination of normal tissues, benign breast tumors, and malignant tumors at the molecular level. To better comprehend the molecular basis for the observed saliva protein SERS spectra, the tentative assignments of the SERS bands are listed in Table 3 , according to the known literature. [30] [31] [32] The subtle but significant differences in SERS spectra of saliva proteins between healthy subjects, benign breast tumor patients, and malignant breast tumor patients are shown in Figure 2 , suggesting the promising potential of the saliva protein SERS method for benign and malignant breast tumor detection and screening applications. Table 2 Classification results of SERS spectra prediction of the three saliva protein types using the PLS-DA, together with the leaveone-patient-out cross-validation method 
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For instance, the SERS bands at 1,049 cm -1 and 1,084 cm -1 were both related to the C-N stretching mode of proteins, and they showed a lower SERS signal in the malignant tumor samples than in the normal saliva protein samples, indicating that there was aberrant protein structure of C-N stretching bases in the saliva proteins of cancer patients. Our group also observed a similar phenomenon in nasopharyngeal cancer detection. 31 Nevertheless, the significant Raman peaks at 1,265 cm -1 and 1,684 cm -1 corresponding to amide III and amide I presented higher SERS signal in malignant breast cancer, which could be attributed to vibrational modes of the amino acid bonds of the secondary structure of proteins. 33 This characteristic could infer that the malignant breast tumor saliva may be relevant to an increased concentration of these relative proteins. The SERS peak at 1,340 cm -1 attributed to the CH 3 CH 2 wagging mode of collagen showed greater signal in benign breast tumor samples, indicating that the amount of collagen increases in the saliva proteins of benign breast tumor samples. This is in agreement with the report that the content of collagen in the breast tissue was increased in association with benign transformations. 34 These intensity differences were probably related to biomolecular changes, reflecting the constitutional differences of the saliva protein constituents in benign breast tumor patients. [33] [34] [35] The protein SERS band at 1,265 cm -1 , corresponding to amide III and collagen, is stronger in malignant breast tumor saliva protein than in benign breast tumor. This SERS peak intensity variation indicates the different collagen amounts present in normal and breast cancer patients' saliva. Due to the desmoplastic reaction, the deposition of abundant collagen will occur as a stromal response to breast carcinoma, which may be reflected in the saliva protein SERS spectra. This relative increase in collagen abundance has also been observed in the carcinogenic process of lung and skin cancers. 33 Besides, Figure 2 showed a greater SERS peak of 1,004 cm -1 , which corresponds to the bond stretching of ν s (C-C) of phenylalanine and could be used to identify the large amount of amino acids presented in the saliva proteins of benign breast tumor samples than in the malignant samples. This suggested that there was a decrease in the percentage of a certain phenylalanine relative to the total SERS-active components in malignant breast tumor subjects. Bergholt et al 36 also observed this Raman band change by studying the role of ulcers between benign and malignant tumors in the stomach associated with disease transformations. Hence, the protein SERS signals from saliva samples as biomarkers observed between healthy subjects, and benign and malignant breast tumors indicate that saliva protein SERS can be employed to elucidate biomolecular and inherent changes of breast tumor subjects.
However, it should be noted that some of the singleprotein SERS peak analyses mentioned earlier only exploit limited SERS bands; a majority of the information contained in the protein SERS spectrum has not been used for diagnostic analysis. Since the structure and composition of saliva proteins is complex, and given that the protein SERS spectra from different pathological types of breast tumors are very similar, it is necessary to develop a more sophisticated and robust diagnostic model based on PLS-DA by utilizing the entire SERS spectrum to determine the most diagnostically significant spectral features for saliva protein analysis for the classification of normal subjects, benign breast tumor patients, and malignant breast tumor patients. Figure 5 shows the scatter plot of the linear discriminant analysis, demonstrating the clustering of saliva proteins from the normal tissue, benign breast tumor, and malignant breast tumor categories using the PLS-DA diagnostic algorithm. Compared with the distribution patterns of the three kinds of protein samples, we can find that a clear separation between the healthy saliva samples and malignant breast tumor groups was achieved, primarily by the first discriminant function. Figure 5 shows that benign samples clearly fell into a region largely separated from healthy saliva samples. Similarly, a separation of benign and malignant breast tumor saliva protein samples could also be observed, although some larger overlap existed, which presumably reflected that there are similar alterations in the saliva protein components in 
Conclusion
In summary, we have shown the feasibility of saliva membrane protein purification combined with the Ag colloid-based SERS technique for revealing significant SERS spectral differences between healthy subjects, benign breast tumor patients, and malignant breast tumor patients. Tentative assignments of the measured SERS bands make it clear that benign and malignant breast tumors gave rise to the structural and specific biomolecular changes of saliva proteins, including the relative amounts of amino acids and collagen. These variations may be connected to metabolic changes among breast tumor patients. The combination of SERS technique and multiclass PLS-DA was employed to distinguish the saliva proteins of normal subjects, benign breast tumor patients, and malignant breast tumor patients with diagnostic accuracies of 87.63%, 78.35%, and 82.47%, respectively. These results from this exploratory study demonstrated the great potential of saliva protein SERS analysis, combined with PLS-DA diagnostic algorithms, as a clinical tool for label-free, noninvasive, and convenient breast cancer detection and screening.
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Figure S1
The number of Pls components (lVs) and the rMsecV for obtaining the optimal number of reserved components. Abbreviations: RMSECV, root mean square error of the cross-validation; LVs, latent variables; PLS, partial least squares.
